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ABSTRACT 



A method of ultrasonically inspecting the internal struc- 
ture of a multi-ply composite material using ultrasonic 
transducers includes the steps of positioning an ultra- 
sonic transmitter in acoustical contact with one surface 
of the material, directing a beam of acoustic energy into 
the material with the angle of incidence of the beam 
with respect to the surface being less than the second 
critical angle for the material but greater than normal to 
the surface, and receiving the reflected energy. In one 
embodiment, the transmitting and receiving transducers 
are positioned with their axis perpendicular to the orien- 
tation of the reinforcing fibers within the ply being 
inspected. In another embodiment, the transmitter and 
receiver are aligned at equal angles on either side of a 
line which is perpendicular to the orientation of the 
fibers. The receiver may be located on the same or the 
opposite side of the material from the transmitter. Inter- 
nal cracks within each layer of the composite material 
can be detected along with information regarding their 
length and number. Further, by precessing the trans- 
ducers, the orientation of the fibers within each ply will 
be revealed and this information may be used to confirm 
proper construction of the composite. Also, information 
regarding fiber overlap, wavyness and other character- 
istics of the composite with each ply can be ascertained. 

13 Claims, 12 Drawing Figures 
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ULTRASONIC INSPECTION OF COMPOSITE 
MATERIALS 

BACKGROUND OF THE INVENTION * 

This invention relates to a method for inspecting the 
internal structure of composite materials and particu- 
larly, a method for determining the length, number and 
position of cracks within each ply of a composite mate- \q 
rial, and also a method for determining the orientation 
of the fibers contained within each ply of the material. 

This invention is particularly useful in inspecting 
composite materials used in aircraft structures. Since all 
aircraft are required to be capable of sustaining a spe- is 
cific amount of damage over a given time of unrepaired 
service, there is a need to track or monitor the actual 
amount of damage accumulated in flight critical compo- 
nents of the airframe structure. 

With regard to metallic components, the inspection 20 
of actual damage is a relatively straightforward task 
involving monitoring the growth of surface connected . 
cracks. With regard to composite structures, a different 
inspection or design approach was taken. Since the 
damage mechanism in composite materials is in the 23 
growth of a number or the density of small cracks 
within the high stress regions of the structure, and since 
these cracks lie between and beneath many layers or 
plys of the composite material, early non-destructive ^ 
inspection methods were unavailable, and, therefore, 
aircraft designs using composite material were very . 
conservative. Over time, confidence in the use of these 
material has grown, and the safety factors imposed on 
these materials have been significantly reduced. There 33 
is currently a renewed emphasis on a requirement to 
inspect the actual damage accumulation within compos- 
ite materials in order to avoid the failure of critical 
components of an airframe structure and possible air- 
craft loss due to unexpected material failures. 40 

One prior art technique for inspecting composite 
materials for cracks utilizes a radiographically opaque 
penetrant tetrebromo-ethane (TBE) to enhance the 
image of surface connected cracks on X-ray radio- 
graphs. This technique provides a clear indication of 45 
very small flaws; however, all of the flaws detected by 
this method must be surface connected in order for the 
penetrating fluid to find its way into the flaw, and also, 
TBE is toxic to humans and can cause stress-corrosion 
of aluminum structures. The usefulness of this technique 50 
is therefore limited, particularly, in operational aircraft 
where the cracks or flaws to be detected are almost 
always located beneath non-cracking surface layers. 

A second defect or flaw detecting method uses an J3 
ultrasonic beam and attempts to determine or infer the 
presence and the number of small cracks within the 
material by the attenuation of a normally incident 
acoustic beam as it traverses the specimen under exami- 
nation. With this method, however, the presence of a ^ 
substantial number of small cracks has very little effect 
on the attenuation of an ultrasonic wave. Indeed, 
changes in surface roughness, volume fraction of rein- 
forcing fibers, and the like, have a far larger effect on 
the measured attenuation of the acoustic wave than do 65 
numerous small flaws. Also, this technique does not 
provide any indication of the depth of the cracks within 
the structure or the orientation of these cracks or flaws. 



SUMMARY OF THE INVENTION 

This invention relates to a method of inspecting com- 
posite materials ultrasonically to detect not only the 
presence of flaws which are not necessarily surface 
connected, but the invention may also be used to deter- 
mine the orientation of the fibers within each of the plys 
or layers which comprise the composite material. 

A typical composite structure includes a plurality of 
layers of fiber-reinforced materials, with each layer 
being oriented with respect to a reference to provide 
the desired structural characteristics. For example, a 
quasi-isotropic material may include eight layers of 
material oriented at 0°, +45% -45°, 90°, 90% -45% 
+45°, 0*. By this, it is meant that the fiber orientation in 
the first ply is oriented at 0* and serves as a reference 
layer, the fiber orientation. of the second ply is oriented 
at +45' to the reference, etc. It has also been noted that 
as cracks form in each ply, the cracks will extend from 
the top top-to-bottom of each layer and will spread in a 
direction parallel to the fiber orientation. 

This invention, therefore, is in a method of inspecting 
a composite material on a ply-to-ply basis by positioning 
an ultrasonic transmitter in acoustical coupling with one 
surface of the material and by directing a beam of acous- 
tical energy into the material with the axis of the acous- 
tical beam essentially perpendicular to the orientation of 
the fibers within the ply being inspected. The angle of 
incidence of the beam with respect to the surface nor- 
mal of the material is always less than the second critical 
angle (the critical angle for the transverse wave) for 
that material and greater than perpendicular to the ma- 
terial surface. For example, it has been found that an 
angle of incidence with respect to the vertical of 10° to 
60° preferred for fiber reinforced polymers and 10° to 
35° for metallic composites. 

Acoustic energy is reflected from discontinuities I 
within the material, and therefore a crack which ex- 
tends essentially vertically (or normal to the surface of 
the material) can be detected only if the angle of inci- 
dence of the incoming acoustical beam provides suffi- 
cient energy to the crack that the backscattered energy 
can be detected by an ultrasonic receiver acoustically 
coupled to the material. 

Further, the orientation of the fibers within each 
layer or ply can be determined by causing relative rota- 
tion of the material with respect to the transmitting and 
receiving transducers (either by rotating the transduc- 
ers or the material). When using this method, the trans- 
miner and the receiver are positioned at equal angles on 
either side of a line perpendicular to the orientation of 
the fibers. Once the fiber orientation is determined, then 
moving the material with respect to the transducers in a 
raster fashion will provide information regarding fiber 
overlap, wavyness, resin-rich areas, and other charac- 
teristics of the material. 

This technique is not limited to continuously rein- 
forced materials, but can also be used in connection 
with chopped or whisker reinforced composite materi- 
als and so-called sheet molding compounds. 

Other objects and advantages of the invention will be 
apparent from the following description, the accompa- 
nying drawings and the appended claims. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view showing an ultrasonic 
transducer engaging the surface of an eight-ply compos- 
ite material with the transducer being moved with re- 
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spect to the material in a raster pattern. Representative 
flaws are shown within the several plys forming the 
material. 

FIG. 2 is a cross-sectional view taken along line 2 — 2 
in FIG. 1. 

FIG. 3 is a perspective view of a composite material 
illustrating a method of inspection wherein the transmit- 
ting transducer is located on one side of the material and 
the receiving transducer is placed on the other side of 
the material and wherein both transmitting and receiv- 
ing transducers are oriented with the beam essentially 
perpendicular to the lay of the fiber within the ply being 
inspected. 

FIG. 4 is a perspective view illustrating the place- 
ment of the transmitting and receiving transducers on 
the same side of the material with the axis of the trans- 
ducers aligned at equal angles on either side of the line 
which is perpendicular to the lay of the fibers within the 
ply being inspected. 

FIG. 5 is a perspective view illustrating the place- 
ment of a transmitting transducer on one side of the 
material, the receiving transducer on the other side of 
the material, and wherein the transmitter and receiving 
transducers are located at equal angles on either side of 
a line which is perpendicular to the lay of the fibers 25 
within the ply being inspected. 

FIG. 6 is a perspective view illustrating a method 
whereby a transducer is precessed around an axis nor- 
mal to the surface of the material so that the orientation 
of the fibers within a specific ply may be determined. 

FIG. 7 is a visual representation of the location and 
extent of flaws found within one ply of the material 
wherein the orientation of the fibers within that ply is 
essentially 90*. 

FIG. 8 is a visual representation of the location and 
length of a plurality of flaws contained in a ply wherein 
the fibers are orientated at 45°, 

FIGS! 9a-9c are visual representations of a polar 
C-scan using the method illustrated in FIG. 6. FIG. 9a 
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—45*. Generally, the cracks extend vertically from one 
surface of the ply to the other, but except for cata- 
strophic failures, cracks generally do not extend from 
one ply through another ply because of the reinforcing 
fibers. 

Because the cracks generally are vertically oriented, 
the prior art technique of scanning composite material 
ultrasonically with a transducer oriented normal to the 
surface of the material was ineffective because the ultra- 
sonic beam would pass parallel to the surface of the 
crack and no energy would be reflected or scattered. In 
-the present invention, on the other hand, a transducer 
30 is placed at an angle with A (FIG. 2) with respect to 
surface normal, and because of this, some energy will be 
reflected off of the surface of the crack, and thus the 
crack may be detected. 

In the preferred embodiment of the invention^ the 
angle A is therefore greater than zero with the normal 
to the surface, and should be less than the second criti- 
cal angle of the material. This critical angle will vary 
from material to material and will even vary with re- 
spect to the orientation of the transducer with respect to 
the reinforcing fibers within the material. Where the 
material is a graphite/epoxy composite, the angle A is 
generally between 10 # and 50° with a 2CT angle being 
preferred. 

The transducer 30 may be moved in a raster fashion 
over the surface of the material 10 in a pattern shown 
generally at 40 in FIG. 1. 

In FIG. 1, a single transducer 30 is illustrated which 
serves as both the transmitter and receiving transducers, 
and may be moved by means of a translating mechanism 
50, and an image of the crack can be obtained because of 
the rastering pattern of C-scanning which is commonly 
used in standard ultrasonic inspection practices. Infor- 
mation concerning the orientation and the depth of the 
flaw may be obtained by time-gating the signals from 
specific depths or plys within the material and also be 
orienting the transducer perpendicular to the fibers in a 



represents a scan of a uniaxial specimen; FIG. 9b repre- 40 specific layer or ply of interest 

sents a scan of a cross-plied specimen; and FIG. 9c Since only cracks in a ply oriented normal to the 

represents a scan of a quasi-isotropic specimen. incident ultrasonic pulses reflect energy back into the 

FIG. 10 is a visual representation of a C-scan image of receiving transducer, a ply-by-ply interrogation of the 
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a single ply of a specimen showing wavyness in the 
fibers embeded within the specimen. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring now to the drawings which illustrate a 
preferred embodiment of the invention, a typical sec- 
tion of a composite structure is shown generally at 10 
and includes a plurality of layers or plys 12-19, each of 
which is a fiber reinforced polymer. All of the reinforc- 
ing fibers within each ply are aligned in a single direc- 
tion, and for quasi-isotropic materials, the plys are ori- 
ented so that the composite material will exhibit the 
desired characteristics. For example, in the specimen 
shown in FIG. 1, eight plys are shown, and the fibers in 
plys 12 and 19 are oriented at 0°, the fibers in plys 15 and 

16 are oriented at 90% the fibers in plys 13 and 18 are 60 ented at +45°. It will be seen from these illustrations 
oriented at +45% and the fibers in plys 14 and 17 are 
oriented at —45*. 

For illustration purposes, several cracks are illus- 
trated in the sample of FIG. 1. The crack generally 
indicated at 20 is in ply 13 and will extend at 45°, or 65 
parallel to the orientation of the fibers making up that 
specific ply. Similarly, crack 22 in layer 15 extends at 
90°, and crack 24 in layer 14 extends at an angle of 



material is therefore possible. Therefore, even though 
45 the raster pattern 40 shown in FIG. 1 may be followed 
as each of the ply within the material is scanned, the 
orientation of the transducer 30 will be modified so that 
the ultrasonic beam has its axis essentially normal to the 
orientation of the fibers in the ply of interest. Accord- 
50 ingly, the transducer will be reoriented several times in 
order to scan completely a specific composite structure. 

FIGS. 7 and 8 illustrate a visual image of the cracks 
found in a 2-inch by 3-inch specimen which was 
scanned according to the method described above. 
FIG. 7 is a representation of the cracks found in plys 15 
and 16 which are oriented at 90°. Since both the plys 
have the same fiber orientation, both would be scanned 
simultaneously. FIG. 8, on the other hand, shows the 
cracks which have developed in ply 13 which is ori- 



that the cracks start at the edge and work into the ply, 
and, therefore, both the length of the crack and its posi- 
tion is illustrated along with the density of the cracks 
within the specimen. 

In FIG. 1, the transmitting and receiving transducers 
are located on the same axis; however, other methods of 
collecting reflected energy are possible, and some of 
these are shown in FIGS. 3-5. In FIG. 3, the transmit- 
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ting transducer 60 is located on one side of the materia] While the methods herein described, and the forms of 

10, and the receiving transducer 65 is placed in a com- apparatus for carrying these methods into effect, consti- 

plementary position on the other side of the material. In tute preferred embodiments of this invention, it is to be 

other words, both transducers are oriented at angle A understood that the invention is not limited to these 

with respect to surface normal, and both are positioned 3 precise methods and forms of apparatus, and that 

so that their respective axis are perpendicular to the lay changes may be made in either without departing from 

of the fibers (or to the crack 22). This technique has the the scope of the invention, which is defined in the ap- 

advantage of minimizing the effect of surface roughness pended claims, 

scattering, but it requires that the two transducers be What is claimed is: 

maintained in proper alignment during the scanning 1° l. Method of ultrasonically inspecting composite 

process. materials having a plurality of fiber reinforced plys 

FIG. 4 illustrates the positioning of both the transmit- comprising the steps of: 

ting and receiving transducers 60, 65 on the same side of positioning an ultrasonic transmitter in acoustical 

the material 10, but aligned at equal angles B on either contact with one surface of the material undergo- 

side of a line 70 which is perpendicular to the orienta- 15 fog test and directing a beam of acoustic energy 

tion or lay of the fibers within the ply being inspected. into the material with the axis of the beam orien- 

In FIG. 5, the transmitting transducer 60 is located on tated at a preselected angle with respect to the lay 

one side of the material 10 and oriented at an angle C 0 f the fibers within the ply of the material being 

with respect to a line normal to the lay of the fibers and inspected and with angle of incidence of the beam 

inclined at angle A with respect to surface normal, and *> with respect to the surface less than the second 

the receiving transducer 65 is positioned on the opposite critical angle for the material, and 

side of the material at the same angle of incidence A and positioning an ultrasonic receiver in acoustical cou- 

at an equal angle C on the other side of a line normal to pfcng with the material at a location for receiving 

the lay of the fibers. 2$ the reflected energy from within the ply of the 

Since the backscattenng method described herein is material being inspected 

capable of imaging aligned discontinuities in the com- 2 . The method of claim 1 wherein the angle of inci- 

posite material, it is also possible to image fiber bundles dence y. between 10' and 60° where the material being 

within each ply. If the angle of incidence A is kept inspected is a fiber reinforced polymer, 
constant, and the transducers are rotated about a surface 3Q 3 ^ method of claim j wherein ±e mgle of mci . 

normal, then a maximum in backscatter energy will deace h between 10* and 35° where the material being 

occur tor each unique ply orientation within the com- inspected is a metallic composite. 

P 0 ^**. 4 The method of claim 1 wherein the axis of said 

An arrangement for accomplishing this method is beam is orientated perpendicular to the lay of the fibers 

dlustrated in FIG. 6 where transducer 30 is processed 35 ^ iMn ^ , ^ inspected . 

around a line perpendicular to the surface of the mate- 5 The method of claim t wherein ^ transmitter 

rial. Of course the transducer arrangements of FIGS. and said receiver m Signed * equal angles on either 

^ ° X Tn . V ^ KV™™ 1 ^ ° f «de of a line which is perpendicular to the lay of the 

raulte of the method illustrated by FIG, 6 are shown m ^ ^ ^ , ^ nspectcd 

FIGS. 9a-9a These figures are photographs of polar 40 6 ^ method P ^ f ^ 4 wherein said ultrasonic 

C-scans wherein FIG. 9a illustrates the results of scan- . ... , . . u . , . , 

. . , . » • - . , . M transmitter and said ultrasonic receiver are located on 

mng a uniaxial specimen, that is, wherein all of the fibers th 

within the specimen are aligned so that angle A equal axf$ " t . j e ,t_ 1 • e t_ • . 

0\ FIG. 9b shows the results of scanning a cross-plied u 7 ' Th ? meth . od °. f eithe T cla T 4 ° r 5 ^herem said 

specimen, and in this case, the angle A for the fibers 45 " Z 6 " amC ° 

within the specimen are at 0' and 90\ In FIG. 9c; a m * te ^ ** ^ °!" c transmitter, 

quasi-isotropic specimen was scanned, and it may be 1 8 * meth ? d of e J ther *™ u 4 or J wherem »«* 

seen that the fibers are aligned at 0% +45% 90' and dtrasonic receiver is located on the side opposite the 

-45°. In this manner, ply orientations can be deter- m * te ™ ™m ««d trmsmitter. 

mined after the composite 10 is fabricated in order to 50 * ^ method of claim 1 further comprising the steps 

check for misalignment errors. of smd transmitter and receiver together 

At a particular maximum of reflected energy, if the wound an axis normal to the surface of the material and 

transducer is then restored across the specimen, then the analyzing the reflected energy to determine the orienta- 

fiber bundles in a ply can be imaged and checked for tion °f the fibers Wlthm of the P lvs comprising the 

overlap, wavyness, resin-rich areas, etc. FIG. 10 illus- 55 material. 

trates a C-scan image ofa single ply of agraphite/epoxy Th e method of claim 1 further comprising the 

composite using the apparatus shown in FIG. 1. Wavy- steps of moving said transmitter and receiver together 

ness in the fibers within the specimen is obvious. * n a raster pattern with respect to the material, and 

Indeed, the method described herein will permit for analyzing the reflected energy to determine the pres- 

the detection and imaging of many microstructural 60 ence of* flaws within the material, 

features within composite materials. It should be noted 11. The method of claim 1 further comprising the 

that the invention is not limited to inspection of materi- steps of moving said transmitter and receiver together 

als containing continuous reinforcing fibers, but can in a raster pattern parallel to the lay of the fibers within 

also be used where chopped or whisker reinforced com- a selected ply and analyzing the reflected energy to 

posites are employed and. so-called sheet molding com- 65 determine die characteristics of the ply. 

pounds, that is, in those materials where oriented fea- 12. Method of ultrasonically inspecting composite 

tures of the microstructure are of importance to design, materials formed from a plurality- of fiber reinforced 

use, or other characterization considerations. plys comprising the steps of: 
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positioning an ultrasonic transmitter in acoustical 
contact with one surface of the material undergo- 
ing test; 

positioning the transmitter to direct a beam of acous- 
tic energy into the material with the axis of the 5 
beam orientated essentially perpendicular with 
respect to the lay of the fibers within the ply of the 
material being inspected and with angle of inci- 
dence of the beam with respect to the surface less 
than the second critical angle for the material; 10 

positioning an ultrasonic receiver in acoustical cou- 
pling with the material at a location for receiving 



8 

the reflected energy from within the ply of the 
material being inspected; 
moving the transmitter and receiver together in a 
raster pattern across the surface of the material; 
and * 
inspecting and analyzing the reflected signals with 
respect to time to determine the presence of flaws 
within each ply of the material. 
13. The method of claim 12 further comprising the 
step of visually displaying a representation of the re- 
flected signals for each of the plys within the material. 
***** 
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